Modelling soil detachment capacity by rill flow with hydraulic variables is essential to understanding the rill erosion process and developing physically based rill erosion models. A rill flume experiment with non-erodible flume bed and small soil samples was conducted. Seven flow discharges and six steep slope gradients were combined to produce various flow hydraulics. The soil detachment capacity increases with the increase in slope gradient and flow discharge. The critical slope gradients of 21.26 and 26.79% cause the detachment capacity to increase at a slow pace. The soil detachment capacity can be defined by a power function of flow discharges and slopes. The contribution rates of slope gradient and flow discharge to soil detachment capacity are 42 and 54%, respectively. The soil detachment capacity increases with shear stress, stream power and unit stream power; the increase rates of these parameters are greater under gentle slopes than steep slopes. Stream power is the superior hydrodynamic parameter describing soil detachment capacity. The linear model equation of stream power is stable and reliable, which can accurately predict soil detachment capacity by rill flow on steep loessial hillslopes. This study can help to sufficiently clarify the dynamic mechanism of soil detachment and accurately predict soil detachment capacity for steep loessial hillslopes.
INTRODUCTION
The three sub-processes of rill erosion are soil detachment, transport and deposition of soil particles by erosive forces of rill flow. Soil detachment by rill flow is the initial phase of rill erosion, which provides a sediment source for runoff transport. Sediment load in rill flow increases with the downslope distance whilst the process of sediment transport continues (Nord & Esteves ; Chen et al. ) . The increased sediment load causes a high energy expenditure for transporting sediment (Zhang et al. b) , a suppressed localized turbulence of runoff (Bennett et al. ) , a shield soil bed (Merten et al. ) and thus a decreased soil detachment rate (Cochrane & Flanagan ; Lei et al. ) . Soil detachment capacity by rill flow is the maximum soil detachment rate when no sediment exists in the rill flow (clear water), thereby indicating the maximum possibility of soil detachment by rill flow (Foster ; Nearing et al. ) . Soil detachment capacity by rill flow is the key parameter for predicting rill erosion intensity. This parameter is widely introduced in the physical processbased soil erosion models, such as WEPP (Water Erosion Predict Project). Accurately modelling soil detachment capacity by rill flow is essential to understanding the rill erosion process, developing physically based rill erosion models and accurately predicting rill erosion intensity.
Soil detachment capacity is controlled primarily by flow hydraulics and soil properties (Mamo & Bubenzer ; Su Modelling soil detachment capacity using slope gradient and flow discharge is practical and operable. Nearing et al. (, ) studied the influence of soil and hydraulic parameters on the detachment of soil by shallow surface flow using a small soil sample in a hydraulic flume. The experimental results indicated that slope and flow depths were significant factors for detachment rates, and the soil detachment rate is more sensitive to slope than to flow depth (Nearing et al. ) . The laboratory rainfall simulation experiment conducted by Zartl et al. () confirmed the importance of slope for rill erosion. Chen 
MATERIALS AND METHODS

Experimental devices and designs
The experimental soil was loessial soil sampled from Ansai county, which is located in the heartland of the Loess ) filled with test soil was inserted in the chamber to measure soil detachment capacity.
The flume bed and soil container were at the same level after the soil container was inserted in the chamber. Tap water was supplied to the upstream end of the flume by a pump, and the discharge of the water flow was controlled by a flowmeter. Figure 1 shows the experimental devices.
Six slopes (10.51, 15.84, 21.26, 26.79, 32.49 and 38.39%) were combined with seven unit flow discharges ( The repeatability of the experiment was acceptable.
Measurements
Flow hydraulics
Flow surface velocity was measured by a dye method and The data of flow velocity and flow depth were shared in these two studies.
Soil detachment capacity by rill flow
The test soil was moistened to achieve a moisture content of 14%. The wet test soil was hierarchically packed into the soil container to a bulk density of 1.2 g cm -3 . Then the soil container was put in a box with water in it to saturate the soil. At this point, the soil sample was prepared. The prepared soil sample was inserted into the chamber and was covered by a sliding plate. The sliding plate covering the soil sample was removed after adjusting the flow discharge and slope, and the soil detachment process by flowing water commenced. A 2 cm scouring depth was applied for each combination in order to reduce errors (Zhang et al. ) .
The sliding plate was placed back on the soil sample to stop the detachment process once the detachment depth was achieved. The detachment time was recorded.
Calculation
Soil detachment capacity
The soil detachment capacity by rill flow (D c , kg m -2 s -1 ) was calculated by the following Equation (1):
where W is the weight of the detached soil (kg), t is detachment time (s), and A is the projected area of the soil sample (m 2 ).
Hydrodynamic parameters
Hydrodynamic parameters were calculated by Equations (2)- (4) 
where τ is shear stress (Pa), ρ is the water mass density ).
Contribution rate
The contribution rate of factor i to the dependent variable, P i , was calculated using Equation (5) (Huoluo ; Shen et al. ):
where β i is the standardized regression coefficient of factor i; R 2 is the determination coefficient of the multiple regression equation.
Data partition
A total of 42 datasets were obtained from the flume The effect of flow discharges on soil detachment capacity by rill flow is depicted in Figure 3 . In this figure, Modelling soil detachment capacity by rill flow using flow discharge and slope
The modelling soil detachment capacity using slope gradient and flow discharge is practical and operable because the two hydraulic condition factors are easily obtainable.
A multiple nonlinear regression analysis based on the 21 sets of modelling data was applied to establish the relationship of soil detachment capacity with flow discharge and slope gradient. Slope gradient and flow discharge were used as the dependent variables, respectively, and soil detachment capacity by rill flow (D c , kg·m À2 ·s À1 ) was used as the independent variable. The regression relationship is expressed as follows:
(R 2 ¼ 0:9531; P < 0:001, n ¼ 21) where S is slope gradient (%) and Q is the unit flow discharge (m 2 s -1 ).
Soil detachment capacity can be defined by a power function of flow discharges and slope gradients. The R 2 was at 0.9531, P < 0.001. Equation (6) was statistically significant, and soil detachment capacity by rill flow is determined by slopes and flow discharges collectively.
The contribution rate of each factor to the soil detachment capacity by rill flow must be identified to enhance the understanding of the process of soil detachment. The contribution rates of slope gradients and flow discharge to soil detachment capacity by rill flow were calculated by Equation (5) In addition, the contribution to soil detachment capacity is only 12.25% lower in slope gradients than in flow discharges; thus, the factor of slope gradients should also be highlighted.
The verification datasets were used to verify the performance of Equation (6), and the verification results are presented in Table 1 and Figure 5 . The R 2 and NSE were 0.9690 and 0.9564, correspondingly. The RE between the predicted and measured soil detachment rates ranged from À38.5373 to 20.5039%; the MAE was 9.6862%, and RMSE was 0.1381. Therefore, the prediction errors of Equation (6) were acceptable, and the predictive accuracy of Equation (6) was high. Figure 5 displays the predicted value calculated by using Equation (6) D c is soil detachment capacity by rill flow (kg m -2 s -1 ); S is slope gradient (%); Q is unit flow discharge (m 2 s -1 ); τ is shear stress (Pa); ω is stream power (W m -2 ); U is unit stream power (m 2 s -1 ); NSE is Nash-Sutcliffe model efficiency; RE is relative error (%); MAE is mean absolute error (%); RMSE is root mean square error; n is number of datasets.
conditions, soil bulk density, and vegetation growing in the soil, etc., are important factors that could influence the rill erosion process but were not investigated in this laboratory study.
Response of soil detachment capacity by rill flow to hydrodynamic parameters
The response of soil detachment capacity to the hydro- The response of soil detachment capacity to the hydraulic parameters is constant among the different flow discharges.
Modelling soil detachment capacity by rill flow using the hydrodynamic parameters
The relationship between soil detachment capacity and shear stress was analyzed based on the 21 modelling datasets. In Figure 7 (a), the soil detachment capacity was increased with the increase in the shear stress. The regression analysis was performed for the modelling datasets to establish the relationship between soil detachment capacity (D c , kg·m À2 ·s À1 ) and flow shear stress (τ, Pa).
Below is the regression relationship:
(R 2 ¼ 0:9068, P < 0:001, n ¼ 21) Equation (7) shows that the soil detachment capacity can be defined by a linear function of shear stress. The R 2 was recorded at 0.9068, P < 0.001. Equation (7) is statistically significant, and the linear relationship summarized in Equation (7) of the modelling datasets showed that the best-fitted relationship between soil detachment capacity and stream power (ω, W m -2 ) is a linear function:
(R 2 ¼ 0:9623, P < 0:001, n ¼ 21)
Equation (8) shows that the soil detachment capacity can be defined by a linear function of stream power. The R 2 was recorded at 0.9623, P < 0.001. Equation (8) 
(R 2 ¼ 0:8025, P < 0:001, n ¼ 21)
Equation (9) shows that the soil detachment capacity can be described by a linear function of stream power. The R 2 was at 0.8025, P < 0.001. Equation (9) The verification datasets were used to verify the performance of Equations (7)- (9), and the verification results are presented in Table 1 and Figure 8 . Based on the statistical parameters R 2 , NSE, RE (%), MAE (%) and RSME summarized in Table 1 , the predictive accuracy of the three equations can be ranked in the order of stream power Equation (8) > shear stress Equation (7) > unit stream power Equation (9); that is, stream power is the optimal hydraulic parameter that demonstrates the highest predictive accuracy for soil detachment capacity by rill flow. The data points were distributed relatively scattered around the 1:1 line when using unit stream power Equation important field condition factors that could influence the rill erosion process but were not investigated in this laboratory study.
